We report the first use of polymethylmethacrylate (PMMA) optical fiber-made probes for scanning near-field optical microscopy (SNOM). The sharp tips were prepared by chemical etching of the fibers in ethyl acetate, and the probes were prepared by proper gluing of sharpened fibers onto the tuning fork in the conditions of the double resonance (working frequency of a tuning fork coincides with the resonance frequency of dithering of the free-standing part of the fiber) reported earlier for the case of glass fibers. Quality factors of the probes in the range 2000-6000 were obtained, which enables the realization of an excellent topographical resolution including state-of-art imaging of single DNA molecules. Near-field optical performance of the microscope is illustrated by the Photon Scanning Tunneling Microscope images of fluorescent beads with a diameter of 100 nm. The preparation of these plastic fiber probes proved to be easy, needs no hazardous material and/or procedures, and typical lifetime of a probe essentially exceeds that characteristic for the glass fiber probe.
Introduction
Scanning near-field optical microscopy (SNOM) is capable of measuring optical properties on a subwavelength scale exceeding the Abbe diffraction limit with simultaneous topography imaging with a nanometer spatial resolution. Nowadays it is widely used to study a broad variety of samples in biology, material science, nanotechnology and other fields; see e.g. [1] [2] [3] [4] for recent reviews.
By far the most popular SNOM probe is a metal-coated tapered optical glass fiber on which apex an aperture for the light transmission, whose diameter is between 50 and 200 nm, is formed. The optical resolution is of the order of the aperture size. Unfortunately, these probes are expensive, very fragile (not surprising for a glass-made construction) and their fabrication is difficult, hard to control and in many cases a hazardous process. Of course, the wide use of scanning near-field optical microscopy is hampered by the difficulty in producing probes with sufficient accuracy and a good reproducibility.
In this article we present first SNOM probes made from polymethylmetacrylate (PMMA) optical fibers, which nowadays rapidly gain popularity as ''last one hundred meters fibers'' due to their cheapness and easiness to work with, see e.g. [5, 6] . Concerning the SNOM domain, these fibers look very promising for use as SNOM probes as one can anticipate much less fragility (compare glass and plastic) and greater ease of tip preparation. Actually, for such a preparation, hazardous HF treating, which remains the most popular approach to prepare SNOM probes from the glass fibers [1] [2] [3] [4] , can be completely avoided. These predictions have been confirmed by experiments and the results of these are presented below.
Experimental
The polymethylmethacrylate optical fibers (POF) used in this study were purchased from A.R.T. Photonics GmbH, Germany.
They are step index-type fibers with a diameter of 250 mm made of high-purity PMMA core, with an index of refraction of n core =1.49, and a fluorinated PMMA cladding with an index of refraction of n cladding =1.35.
A 99.5% ethyl acetate (EA, Aldrich) was chosen as an etchant because weight loss of POF in it was observed to be the most significant and because the dissolution rate of POF in EA is almost linear with immersion time. In this sense our results coincide with the data presented in [7] . A two-stages etching procedure was used. At the first stage the ca. 2 cm-length portion of the fiber was submerged into ethyl acetate for 30-40 min. As a result, the diameter of the fiber diminished ca. twice and the external protective polymer film coat of the fiber was destroyed. At the second stage (20-30 min) the end part of the bare fiber has been slowly submerged into the etching solution with the periodical agitation of the solvent-containing glass. Such a procedure results in the formation of the sharp conical tip with the radius of curvature equal to 50-100 nm and aspect ratio 8-10 [8] . After etching, the tips were rinsed in de-ionised water.
ARTICLE IN PRESS
A scanning electron microscope image of a typical etched POF probe coated with a gold nanolayer to avoid charge effects during the imaging is presented in Fig. 1 .
Sharpened POF probes were glued onto the tuning fork using the ''double resonance'' principle of operation first introduced in [9] and then successfully used for Scanning Near-field Optical Microscopy of different samples [10, 11] . This mode of operation relies specifically on the arrangement of the fiber probe onto the tuning fork (see inset in Fig. 2 ) so that the working frequency of the latter coincides with the resonant frequency of lateral dithering of the free-standing part of the fiber beam b properly glued onto the tuning fork metal case a. In the paper [9] we experimentally demonstrated that such an assembling enables to preserve a large quality factor of the tuning fork after gluing the glass fiber probe onto it and also presented a theoretical model explaining such preservation. Double resonant operation requires accurate gluing and careful control of the length of the free-standing part of the fiber beam as well as the position where the thin glass connector between the probe and the tuning fork is to be glued. It was experimentally established that for a standard 125 mm-diameter sharpened glass fiber, the resonance condition holds when the length of a freestanding part of the fiber beam is equal to 4.870.1 mm [9] . Based on the well-known formula expressing the resonant frequencies of the dithering of a cylindrical beam whose one end is clamped and other is free, o ¼ ða
is the moment of inertia, l and r are the length and the radius of the cylindrical rod, respectively, E and r are, respectively, Young's modulus and density of the material it is made of, S= pr 2 and a n is a numerical constant characterizing nth resonance: a 1 = 1.875, a 2 =4.694, etc. [12] ), we obtain the scaling rule how this double resonant arrangement is to be effected for different materials: for this the number Z ¼ ðr=l 2 Þ ffiffiffiffiffiffiffiffi ffi E=r p should be kept constant. This formula was the starting point to determine the optimal probe parameters, but it turned out that both Young's modulus and density of PMMA varied broadly. Hence careful experimental adjustment of the plastic fiber probe emplacement was necessary. The best results were obtained when the diameter of a probe was around 0.125 mm (twice diminished by etching in comparison with the initial diameter, see above) and the length was equal to 3.470.1 mm. The distance between the drive d ( Fig. 2 ; glass rod with the diameter of 20 mm was used as a drive) and the tuning fork case was fixed at 1.4 70.1 mm.
The result of accurate probe/tuning fork coupling is a large quality factor, Q, of the sensor: the initial values of Q in 10,000-11,000, which is characteristic for a free unloaded tuning fork in air, drops down to the values Q in 2000-6000 after proper gluing of a glass fiber probe onto it. These values are quite comparable with those obtained earlier for glass fibers [9] . Attainment of such large quality factors enables us to use the specialized low noise, precise and fast electronics to measure the resonant frequency f res and Q-factor of a tuning fork to control the SNOM operation. Both the proprietary electronics earlier designed essentially for the sensors made by a tuning fork and an AFM cantilever glued on it [10, 13] , and a commercially available electronics equipment from Nanonis SA, Switzerland, specially adapted to work with this particular SNOM, were exploited.
To avoid complications related with the necessity to prepare metal-coated sharpened aperture probe, at this demonstration stage, we used a Photon Scanning Tunneling Microscope (PSTM) [1] [2] [3] [4] 14] for the operation in the near field, see Fig. 2 . In PSTM, the sample is illuminated by an evanescent wave produced by total internal reflection, and the optical field of the sample is probed by locally frustrating the evanescent field with an uncoated tapered optical fiber probe. Essentially, the same SNOM as reported by us in [10] was adapted to operate in this PSTM regime. We do not specially study the efficiency of the light collection by our plastic probes but qualitatively it does not differ much from that of standard fiber probes exploited in the same conditions [14] . The samples were deposited onto thin glass plate placed onto the glass prism surface with a drop of the index matching gel (Cargille Laboratories, Ceder Grove, NJ, USA). A 488 nm argon ion laser whose power is diminished to 2.5 mW (Spectra Physics) was used to illuminate the sample. A 488 nm Holographic Notch filter (Kaiser Optical Systems, Inc., USA) was inserted to cut off the excitation laser light. Fluorescence was detected by the PMT MP942 (Perkin Elmer) working in single photon counting mode.
Results and discussion
In Fig. 3 we present shear force topographical images of a TGQ 1 calibration grating (NT-MDT Company, Russia) and densely packed 1.0 mm diameter fluorescent polystyrene microspheres 488/560 nm (T-8880, Molecular Probes Inc., Oregon, USA) on a thin glass slide surface obtained using PMMA fiber probes and the SNOM under discussion. To better illustrate the performance of our SNOM, in Fig. 4 , we present a shear force topographical image of single Lambda Mix Marker 19 #SM0231 DNA molecules (Fermentas, Ontario, Canada), which in our opinion is among the best topographical images of DNA molecules obtained by a scanning probe microscopy of any type. DNA molecules with the concentration of 1 mg/ml were deposited onto the APTESfunctionalized mica surface as discussed in [15] . High topographical resolution of these images demonstrates that a few nanometer-size ''whiskers'' and/or other irregularities are often present on the surface of generally smooth (see Fig. 1 ) PMMA tip apex.
Densely packed fluorescent beads in Fig. 3 were prepared by simple drying of a drop of a bead solution on the glass slide surface. This results in multilayer bead coating which prevents the attainment of the near-field optical resolution. Such resolution is illustrated in Fig. 5 where the isolated fluorescent of each solution was deposited on the glass slide surface and dried in air. Beforehand these glass slides were pretreated with 0.1% poly-L-lysine solution (P8920, Sigma-Aldrich) by submerging them into this solution for 30 min and then drying in air for 5-6 h. As follows from experimental results, such a deposition procedure enables the preparation of the samples where isolated fluorescent beads are present. No displacement of the beads during scanning was observed, which is due to both the reasonably strong adhesion of the beads to the poly-lysinetreated glass surface and small forces characteristic for this SNOM, see [10] .
Of course, the samples under study are not flat. Hence topographical artifacts cannot be excluded, see e.g. [16, 17] , and these images should not be taken for the quantitative estimation of the near-field optical resolution achieved. Such quantitative study will be performed after the preparation of plastic fiber probes with the subwavelength-size aperture for light transmission (actually the first aluminum-coated PMMA aperture probes have been successfully prepared and their testing is in progress). What is important is that they, together with the topographical images presented above, unambiguously attest the successful realization of PMMA fiber probes for SNOM.
Conclusion
We have reported the first use of a PMMA fiber probes for Scanning Near-field Optical Microscopy. Preparation of these probes is easy and does not require any hazardous materials and/or procedures. The hydrophobic nature of the plastic fiber surface and relative easiness of its chemical modification also can be advantageous for certain cases. These points are well illustrated by our first results obtained when using these plastic probes in water: their use turned out to be easier than that of the glass fiber probes and these probes proved to be sufficiently chemically inert to enable a few days of exploitation without any noticeable degradation (cf. [18] ; detailed report will be published elsewhere).
What is probably most important is that these probes do demonstrate much less fragility than the glass fiber-made probes. Our statistics is not yet rich enough to give exact numerical data (around 30 PMMA probes have been intensively exploited in real experimental conditions), but for one both the days it works were many times more and its mean lifetime can be estimated as 3-4 days, which, according to our experience, is at least two times better than that for similar glass fiber probes. We believe that all these factors promise broad perspectives for the probes under discussion. Image sizes: 6 mm Â 6 mm and 300 nm Â 700 nm, respectively. Constant quality factor mode of the SNOM controller electronics [9, 10] was used as a feedback source.
